Introduction

R
eports of kidney stem cell populations in mouse and human kidneys are met with enthusiasm because of their potential for cell-based therapies to treat millions of people with renal failure worldwide. Nevertheless, to date, the presence of a true adult kidney stem cell remains elusive. This does not eliminate the possibility of using expanded populations of adult kidney cells as cell-based therapies for tissue engineering and regenerative medicine aimed at improving and restoring renal function. [1] [2] [3] Previous critical studies that utilized cultured bovine and murine kidney cells as starting material for renal reconstitution have promoted this concept. 4 The autologous approach requires isolation of renal cells from a small human tissue sample, expansion in vitro, and reintroduction of cells back into the host for renal tissue regeneration. 5 Nevertheless, primary renal epithelia lose their apical-basal polarity, which is characterized by a flattened and elongated morphology and lack of tight junctions, 6 begin to proliferate and dedifferentiate via mechanisms such as epithelial-mesenchymal transition after a limited number of passages in monolayer. 7 As the cell number increases, the cells assume the appearance of fibroblasts. 8 Therefore, formation of renal structures may not be adequately achieved by using single kidney cells and appropriate manipulation of renal cells in culture might enhance their functional capacities.
Sphere structures are multicellular globes that develop from cells that survive anchorage-independent conditions in vitro, such as growth in ultralow-attachment plates. 9, 10 Unlike monolayer-based cultures, these structures carry the advantage of strikingly mirroring the 3D cellular context. 11, 12 Further, sphere-forming assays have been shown to be a useful means for maintenance and expansion of putative stem/progenitor cell populations. 13, 14 We therefore sought to investigate for the first time primary human kidney cells grown in suspension culture over nonadherent plastic surfaces as opposed to monolayerexpanded cells. To achieve this goal, we isolated primary human renal cells from kidney surgical samples, established heterogeneous cultures of human kidney epithelial cells (hKEpCs), and demonstrated their ability to efficiently generate 3D aggregates or spheroids. Characterization of hKEpC spheroids and analysis of sphere-derived cells in an in situ reconstitution assay developed in the chorioallantoic membrane (CAM) of the chick embryo in comparison with monolayer hKEpCs demonstrated kidney spheroids to promote an appropriate microenvironment that is likely to enhance and regain renal progenitor function.
Materials and Methods
Cell cultures of hKEpCs
Normal human kidney samples were retrieved from borders of renal cell carcinoma (RCC) tumors from partial and total nephrectomy patients, from both Sheba Medical Center and Wolfson hospital. This procedure was done after obtaining informed consent and has been approved by the local ethical committee. The samples were minced in HBSS, soaked in collagenase for 2 h, and then cultured in serum-containing medium (SCM) or serum-free medium (SFM). SCM comprises Iscove's modified Dulbecco's medium (IMDM) medium supplemented with 10% FBS, 1% l-glutamine, 1% penicillin-streptomycin, and the following growth factors: 50 ng/mL of bFGF, 50 ng/mL of EGF, and 5 ng/mL of SCF (R&D Systems). SFM comprises 500 mL DMEM:F12 (ratio, 1:1; Invitrogen) medium supplemented with 1% penicillinstreptomycin, 2 mL B27 supplement (Gibco), 4 mg/mL of heparin, 1% nonessential amino acids (Invitrogen), 1% sodium pyruvate (Invitrogen), 1% l-glutamine, 1 mL lipid mix (Sigma), 5 mL N2 supplement 100 · (Gibco), 5 mL growth factor mix (for 200 mL of growth factor mix: 100 mL DMEM:F12, 4 mL of 30% glucose, 200 mg transferrin, 50 mg insulin in 20 mL of water, 19.33 mg putrescine in 20 mL double-distilled water (ddw), 200 mL sodium selenate [0.3 mM stock], 20 mL progesterone [2 mM stock]), FGF 10 ng/mL, and EGF 20 ng/mL. Sphere formation was tested by seeding the cells on poly (2-hydroxyethylmethacrylate) (poly-HEMA; Sigma-Aldrich)-precoated plates, in SFM, at a concentration of 20-40 · 10 4 cells/mL.
FACS analysis
Antibodies and FACS analyses were carried out as previously described. 15 Antibodies used were CD24:PE (eBioscience), CD133/1:PE, EpCAM:FITC (MiltenyiBiotec), and CD44:PE (Acris). Monolayer cells were detached from culture plates with 0.25% trypsin (Gibco), and spheroids were collected and dissociated by 5-10 min digestion with Accutase (Sigma-Aldrich). Viable cell number was determined using Trypan blue staining (Invitrogen). The cells (1 · 10 5 in each reaction) were suspended in 50 mL of FACS buffer (0.5% BSA and 0.02% sodium azid in PBS [Sigma-Aldrich and Invitrogen, respectively]) and blocked with FcR Blocking Reagent (MiltenyiBiotec) and human serum (1:1) for 15 min at 4°C. The cells were then incubated for 45 min with a respective antibody or a matching isotype control. Cell viability was tested using 7AAD viability staining solution (eBioscience). Cell labeling was detected using FACSCalibur (BD Pharmingen). Flow cytometry results were analyzed using FlowJo analysis software. Viable cells were defined by their FSC/SSC profiles and, in addition, their lack of 7AAD. Detection of cells with high aldehyde dehydrogenase 1 (ALDH1) enzymatic activity was performed using the ALDEFLUOR kit (StemCell Technologies) according to the kit's protocol.
Gene expression analysis
We examined the expression of nephron segment-specific
, Na/CL cotransporter [NCCT] , and podocin), renal stem/progenitor genes (PAX2, SALL1, SIX2, and WT1), and pluripotency gene (NANOG) by quantitative reverse transcription-polymerase chain reactions (qRTPCRs). Total RNA from cells was isolated using RNeasy Micro Kit (Qiagen GmbH) according to the manufacturer's instructions. cDNA was synthesized using High Capacity cDNA Reverse Transcription kit (Applied Biosystems) on total RNA. Real-time PCR was performed using an ABI7900HT sequence detection system (Perkin-Elmer/ Applied Biosystems) in the presence of TaqMan Gene Expression Master Mix (Applied Biosystems). PCR amplification was performed using gene-specific TaqMan Gene Expression Assay-Pre-Made kits (Applied Biosystems). Each analysis reaction was performed in duplicates or triplicates. HPRT1 was used as an endogenous control throughout all experimental analyses. Analysis was performed using theDDCt method, which determines fold changes in gene expression relative to a comparator sample. PCR results were analyzed using SDS RQ Manager 1.2 software.
Nephron segment-specific staining of hKEpCs in culture Tubular segments were identified by use of the following markers: proximal tubule with fluorescein-labeled lotus tetragonolobus lectin (LTA) and collecting duct with fluoresceinlabeled dolichos biflorus agglutinin (DBA) 1:200 for 30 min (Vector Laboratories). Before staining, cells were fixated in icecold 95% ethanol:5% acetic acid for 10 min, washed in PBS, and blocked with 0.1% BSA in PBS for 1 h. Photomicrographs were made on a Nikon TI-E inverted microscope.
Immunofluorescent staining of spheroids
Spheres were collected, fixed in 4% PFA, and embedded in agarose gel and then in paraffin. Immunocytochemistry for Ki67 (mammalian-specific monoclonal rabbit antibody, Lab Vision clone SP6) was performed on the sections containing spheres using microwave antigen retrieval. Detection was performed with Alexa-594 anti-rabbit antibodies (Molecular Probes), and slides were counterstained with Hoechst.
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Grafting of hKEpCs to the chick embryo CAM Details of this technique will be described in another publication (manuscript in preparation). Briefly, fertile chicken eggs were obtained from a commercial supplier and incubated at 37°C. On the 9th or 10th day of incubation, a window was opened in the shell, and the CAM exposed. Cells were dissociated as described earlier. Whole spheroids were collected without dissociation. About 0.43 · 10 6 monolayer or spheroid hKEpCs (dissociated or whole) and control cells (mesenchymal stem cells [MSC] and human embryonic kidney cell line [HEK293]) were suspended in 50 mL medium and Matrigel (BD Bioscience) (1:1 by volume) and pipetted into a plastic ring placed on the membrane. The egg was then sealed with adhesive tape and returned to the incubator for 7 days.
Graft characterization
Grafts were removed, paraffin embedded, and serially sectioned at 6 mm for histological and immunocytochemical analyses. Sections were stained with hematoxylin and eosin to find grafted cells within Matrigel. Sections containing tubules were immunostained. Biotin-labeled LTA (1:500), DBA (1:2000; Vector Laboratories), and mouse anti-TammHorsfall glycoprotein (THG, 1:800; Millipore, Chemicon) were used for distinguishing parts of the renal tubules. Before immunostaining, sections were boiled for 10 min in 10 mM citrate buffer (pH 6.0) in a microwave oven for antigen retrieval (only for anti-THG). Endogenous peroxidases were blocked using 3% H 2 O 2 in methanol for 10 min. The lectins and primary antibodies were subsequently stained by the avidin-biotin method, using peroxidase-conjugated avidin (lectins), proceeded by anti-mouse biotin (antibody) (Vector Laboratories). Controls were prepared by omitting the lectin or the primary antibody. DAB substrate kit (Zymogen) was used for detection of the peroxidase. Photomicrographs were made on Olympus SZX12 and BX51 microscopes with digital cameras (CFW-1312M and CFW-1612C; Scion Corporation). All changes in the images (contrast, brightness, gamma, sharpening) were made evenly across the entire field, and no features were removed or added digitally.
Sphere-forming assay
To establish genetically marked hKEpCs, HEK293 cells were initially transformed. HEK293 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, l-glutamine, penicillin, and streptomycin (Biological Industries) at 37°C and 5% CO 2 . The cells were transfected using calcium phosphate with three lentiviral vectors, pHR-CMV-GFP/m-Cherry (7.5 mg), DR8.2 (5 mg), and pMD2.G (2.5 mg). After 6 h, the supernatants were replaced with 5 mL of fresh medium. Supernatants of transfected cells were supplemented with HEPES (pH 7.0; 50 mM final concentration), filtered through a 0.45 mm poresize filter, and 2 mL was placed on the targeted cells for 2 h with the addition of 8 mg/mL polybrene (hexadimethrine bromide; Sigma) and then 3 mL of fresh medium was added. These viral-like particles were used to infect hKEpCs (2 · 10 5 cells in 60-mm-diameter dishes). Expression of reporter genes was analyzed at 2 days postinfection. Green fluorescent protein-(GFP) and m-Cherry-labeled hKEpCs were mixed in 1:1 ratio and seeded on poly-HEMA-precoated six-well plates (1-2 · 10 4 cells/well).
Microarray analysis
Adult renal sphere and monolayer cells were obtained from 3 different adult donors. All experiments were performed using Affymetrix HU GENE1.0st oligonucleotide arrays (www.affymetrix.com/support/technical/datasheets/ gene_1_0_st_datasheet.pdf). Total RNA from each sample was used to prepare biotinylated target DNA, according to manufacturer's recommendations. The target cDNA generated from each sample was processed as per manufacturer's recommendation using an Affymetrix GeneChip Instrument System (www.affymetrix.com/support/downloads/manuals/ wt_sensetarget_label_manual.pdf). The quality and amount of starting RNA were confirmed using an agarose gel or by Bioanalyzer (Agilent). After scanning, array images were assessed by eye to confirm scanner alignment and the absence of significant bubbles or scratches on the chip surface. The signals derived from the array will be assessed using various quality assessment metrics. Details of quality control measures can be found at www.affymetrix.com/support/ technical/datasheets/gene_1_0_st_datasheet.pdf. Gene-level RMA sketch algorithm (Affymetrix Expression Console and Partek Genomics Suite 6.2) was used for crude data generation. Significantly changed genes were filtered as changed by at least twofold ( p-value: 0.05). Genes were filtered and analyzed using unsupervised hierarchical cluster analysis and supervised hierarchical cluster analysis (Partek Genomics Suite and Spotfire DecisionSite for Functional Genomics) to get a first assessment of the data. Further processing included functional analysis and overrepresentation calculations based on gene ontology (GO) and publication data: DAVID (http://apps1.niaid.nih.gov/David/upload.asp), Ingenuity, Database for Annotation (GO), Visualization, and Integrated Discovery. Overrepresentation calculations were done using Ease (DAVID).
Time lapse microscopy
hKEpCs were seeded on the poly-HEMA-precoated plate. Photomicrographs were taken every 3 min by a CLSN 410 Zeiss microscope ( · 10) in DIC mode. Images were stacked to the movie file by ImageJ 1.42q software.
Statistical analysis
Results are expressed as the mean values -SD. Statistical differences of two group data were compared by Student's ttest. Where indicated, t-test was performed after logarithmic transformation to achieve normality. For all statistical analyses, the level of significance was set as p < 0.05.
Results
Establishment of primary hKEpC cultures
Following the retrieval of a small specimen of human adult kidney tissue from nephrectomized patients, tissue was dissociated into a single-cell suspension and cultured in low densities in T75 flasks so as to allow clonal growth. To achieve expansion to a confluent monolayer culture (P0), the cells were grown in either SCM or defined SFM (see Materials and Methods section). Cell growth was initiated from small cell foci (Fig. 1A) ; however, although both media enabled cell expansion, SFM promoted more concentric, welldefined expansion and SCM displayed rapid expansion in a less-organized manner. Staining of cultures for segmentspecific markers LTA (for proximal tubules) and DBA (for distal tubules/collecting ducts) revealed the presence of heterogeneous tubule types with a predominance of proximal and a lesser extent of distal tubules/collecting ducts (Fig.  1B) . Staining of renal proximal tubular epithelial cells and human foreskin fibroblasts were used as positive and negative controls, respectively. This heterogeneity was preserved along hKEpC culture passages (P3-P5) (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertonline .com/tea). Analysis of renal epithelial segment-specific gene (ENPEP, AQP1, AQP3, NCCT, and podocin) expression in the primary kidney cultures compared with human foreskin fibroblasts indicated the tubular epithelial nature of the cells (Fig. 1C) . Having established primary monolayer hKEpC cultures, we analyzed whether growth media could preferentially promote renal stem/progenitor gene expression (Fig. 2) . Analysis of transcript levels in P0-P2 SCM and SFM cultures mostly showed no statistical difference between the two (SALL1 was higher at P2 SFM [p = 0.03]). 
Formation of hKEpC spheroids
Culture under conditions that lead to formation of spheres may represent a strategy for isolation of cells with progenitor potential. [16] [17] [18] To generate sphere structures, low-passage hKEpCs grown in monolayer were seeded on poly-HEMAcoated plates at a density of 20-40,000 viable cells/mL. After 7-10 days, floating cellular aggregates, termed kidney spheres or hKEpC spheroids, 100-130 micrometers in diameter, were obtained from all of the 10 cases (Fig. 3AI) . Primary kidney spheres, once enzymatically disaggregated into single cells and replated at a density of 20,000 cells/mL in ultralow-attachment plates could give rise to secondary spheres within 5-7 days of culture. Having determined that P2 spheroids could be reproducibly generated following the seeding of 2 · 10 4 cells/2 mL of P1 monolayer hKEpCs, we determined hKEpC spheroid formation after long-term monolayer culture and observed reproducible generation of P6 spheroids following seeding of similar cell numbers of P5 monolayer hKEpCs (Fig. 3AII) . Interestingly, a comparison between low-and high-passage hKEpC spheroids showed the latter to display a well-organized, more condensed, ''true'' sphere-like morphology. In addition, we found significantly higher number of spheroids generated at P6 compared with P2 cultures (Fig. 3BI) . Close examination of this difference revealed it to be attributed mainly to formation of small size spheroids ( < 15 mm), rather than medium-sized (15-130 mm) or larger ones ( > 130 mm) (Fig. 3BII) .
Origin of hKEpC spheroids
To analyze whether hKEpC spheroids are of clonal origin, kidney-derived cells from two donors were grown as a monolayer and stably labeled with either red fluorescent proteins or GFPs using lentivirus-based vectors, directing constitutive expression of m-Cherry and GFP, respectively. For efficient infection and antibiotic selection of monolayer hKEpCs, the cells were propagated to P2-P3. Fluorescent hKEpCs were detached, mixed at a ratio of 1:1, and subjected
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qRT-PCR analysis of renal stem/progenitor genes (SALL1, SIX2, WT1, and PAX2) and the pluripotency gene Nanog in SCM-and SFM-expanded hKEpC cultures of passages P0-P2. The values for SCM monolayer culture P1 were used to normalize (therefore equal 1) and all other values were calculated with respect to them. Results are presented as the mean -SD of three separate experiments using cells from different donors.
to low attachment conditions at low densities of 10 4 cells/ well to generate spheroids. Continuous microscopic examination from 7-10 days to 6 weeks after seeding revealed that spheroids contained both red and green cells. More than 75% of cells in each kidney sphere were comprised of one color (Fig. 4) , suggesting that aggregation into hKEpC spheroids had occurred and that cells were not entirely clonally derived. In addition to genetic labeling, we utilized time-lapse microscopy to follow initial events after hKEpC seeding (2 · 10 4 cells/well) in nonadherent conditions, as cells were filmed every 3 min for 48 h. Cell collision and aggregation were noticed to occur within 5 h after seeding (Supplementary Fig. S2 and Supplementary Movies S1 and S2), indicating this as the initiating process for spheroid formation. 
Phenotypic characterization of hKEpC spheroids
We initially determined whether the generation of hKEpC spheroids promoted the expression of ''stemness'' genes. Quantitative gene expression analysis by qRT-PCR showed that the nephron progenitor genes Pax2 ( p = 0.001) and Sall1 ( p = 0.01) were upregulated in the kidney spheroids (Fig. 5A) . Further, qRT-PCR analysis showed that transcript levels of Nanog, a characteristic transcription factor of pluripotent stem cells, were upregulated in spheroids ( p < 0.05; Fig. 5A ). Upregulation of all four nephron progenitor genes was especially prominent when kidney spheroids were generated from hKEpCs expanded and plated in SFM but not SCM (Fig. 5B) . Interestingly, among genes characteristic of the early ureteric lineage, we found strong elevation in kidney spheroids of the heparan sulfate proteoglycan GPC3, an extracellular matrix (ECM) molecule, which functions in the ureteric bud niche (Fig.  5C ), but expression of the other ureteric lineage genes (Wnt11 and c-Ret) was undetectable (data not shown). Finally, generation of kidney spheroids after long-term monolayer expansion (P6) also resulted in significant reexpression of the renal progenitor genes (Fig. 5D) . Thus, in contrast to monolayer cells, hKEpC spheroids promoted, at least in part, expression of renal developmental markers and ''stemness'' profile. We next used flow cytometry (Fig. 6A) to analyze the percentage of cells expressing the epithelial, renal, and mesenchymal stem cell antigens EpCAM, CD24, CD133, and CD44 15 in spheroid and monolayer hKEpCs. We found high expression levels of CD24 and CD44 (80%-100% of cells) in both spheroids and monolayer cells (Fig. 6A and Supplementary Fig. S3 ), whereas Ep-CAM and CD133 levels were found to be further elevated in spheroids, indicating mostly an EpCAM + CD24 + CD133 + CD44 + phenotype of spheroid cells. In addition, analysis of the activity of ALDH1, an enzyme that has increased activity in stem/progenitor cell populations, 19 showed significantly higher levels in hKEpC spheroid cells compared with monolayer
qRT-PCR expression analysis of nephron progenitors (PAX2, SIX2, SALL1, and WT1) and pluripotency (Nanog) genes of spheroid versus monolayer hKEpCs. (A) Significantly elevated Pax2, Sall1, and Nanog transcript levels are shown in P1 spheroid cells (generated after expansion as a monolayer in SCM) compared with P1 monolayer culture expanded in SCM. **p < 0.005; { p < 0.05 after logarithmic transformation. (B) P1 spheroid cells generated after expansion as a monolayer in SFM, showing further enhanced expression of nephron progenitor genes compared with P1 spheroid cells generated after expansion as a monolayer in SCM. Representative bar graphs analysis of one out of three different experiments. (C) Elevated transcript levels of Gpc3 in P1 spheroid cells (generated after expansion as a monolayer in SCM) compared with P1 monolayer culture expanded in SCM. { p < 0.05 after logarithmic transformation. (D) Elevated progenitor and pluripotency genes' transcript levels of P6 spheroid cells (generated after expansion as a monolayer in SCM) compared with P6 monolayer culture expanded in SCM. counterparts (Fig. 6B) . We found that 29.93% -11.78% of spheroid cells displayed high levels of ALDH1 activity, compared with 8.06% -4.53% of monolayer cells.
Thus, hKEpC spheroids have a distinct antigenic profile with enhanced ALDH1 activity.
Global transcriptional changes associated with kidney spheroid formation
Having illuminated the specific characteristics of hKEpC spheroids, we wanted to assess on a global level the transcriptional alternations taking place in relation to spheroid formation. For this, we generated spheroid and monolayer hKEpCs from three different human adult kidney sources and compared their global gene expression profile using oligonucleotide microarrays. Unsupervised clustering (Partek 6.5) of the entire human microarray dataset clearly distinguished among samples separating them into two major groups: hKEpC spheroids and hKEpCs grown as monolayer, indicating a different biological entity and fundamental difference in gene expression patterns (Fig.  7A) . Kidney spheroids were closer to each other rather than to their monolayer counterpart of the same adult kidney origin. We identified 825 genes differentially expressed by spheroid and monolayer hKEpCs ( > 2-fold change, ANO-VA, p < 0.05). These included 477 genes upregulated and 348 downregulated in spheroids compared with monolayer cells (Fig. 7B) . The 20 genes most highly expressed in hKEpC spheroids and monolayer cells are, respectively, shown in Supplementary Table S1 . To infer the function of the 825 differentially expressed genes, we used the GO enrichment analysis tool and DAVID. Up-and downregulated genes in hKEpC spheroids were categorized into cellular processes, according to Partek (Fig. 7CI ) and DA-VID (Fig. 7CII) , showing the most significantly elevated genes to group into cell-cell adhesion/ECM/cell recognition, ion transport, and regulation of cellular component biogenesis, whereas downregulated genes were related to cell growth/mitosis/cell cycle and cell locomotion. Table 1 further elaborates 23 genes categorized in biological adhesion, which were upregulated in spheroid cells (DAVID, p < 0.00001).
Thus, hKEpC spheroids generated a quiescent niche enriched in cell-cell and cell-matrix interactions. We confirmed (Fig. 8A ) and for the cell proliferation marker Ki-67 (Fig. 8B ). All hKEpC spheroids exhibited a low proliferation index of < 10% of Ki-67-positive cells per sphere/section, indicative of the quiescent nature of the spheroids.
Kidney spheroid cells harbor enhanced tubulogenic capacities in situ
Having determined that hKEpC spheroids have enhanced renal ''stemness'' profile and recapitulate a microenvironment rich in ECM and cell contact molecules, we tested whether this leads to improved functional potency to generate renal 
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structures. Accordingly, we performed human cell grafting onto the CAM of the chick embryo and analyzed their fate at 7 days postimplantation 20, 21 (Fig. 9) . Chick embryos were grafted with either whole hKEpC spheroids or single-cell suspensions of dissociated spheroid cells (immediately after disassociation) and monolayer hKEpCs. The suspended cells are especially important as they represent an injectable form of cells. Implantation of whole human kidney spheroids onto the CAM resulted in tubule formation (Fig. 9G) . Comparison of single-cell implantation of spheroid and monolayer hKEpCs demonstrated that grafts generated from spheroid cells seemed to be bigger than their counterparts (Fig. 9A, B) . Hematoxylin and eosin staining revealed robust tubule formation capacity by spheroid cells, for example, 0.43 · 10 6 spheroid cells induced formation of multiple tubular structures, whereas few tubules were observed in grafts generated by similar numbers of monolayer hKEpCs (Fig. 9C, D) . We performed additional experiments to determine whether hKEpC spheroids generated after long-term expansion of monolayer cells (P6) can recapitulate tubule formation. About 0.43 · 10 6 dissociated single spheroid cells grafted onto the CAM reconstituted tubular structures, whereas long-term expanded monolayer hKEpCs (P6) completely failed to generate similar structures (Fig. 9E, F) . Importantly, grafting of control cell types, MSCs, and human embryonic kidney cell line (HEK293) generated disorganized cell masses (Fig. 9H, I ), indicating that only kidney-derived cells bear nephrogenic potential in this model. Interestingly, when using human fetal kidney (FK) cells as additional controls, we found that no tubular formation had occurred after grafting of 1.25 · 10 6 FK cells (Fig. 9J) , whereas grafting of 2.5 · 10 6 FK cells (Fig. 9K ) showed tubular formation. Therefore, much fewer (0.43 · 10 6 ) adult kidney spheroid cells generate tubular structures, further emphasizing their high tubulogenic capacity.
To better define the tubular structures that were formed by dissociated spheroid hKEpCs, we stained graft sections for segment-specific tubular markers (LTA, proximal; THG, distal; DBA, distal/collecting). We found that reconstituted renal structures showed LTA-, THG-, and DBA-positive tubules and were reminiscent of a wide adult human tubular spectrum (Fig. 10A-D) . Although staining with a specific lectin generated mostly positive and negative nonoverlapping tubular structures, some tubules seemed to be composed of a mixed population of cells possibly related to an incomplete sorting process and heterogeneity in the spheroids. To clarify specificity of DBA binding capacity, we performed immunofluorescent staining and demonstrated DBA( + ) tubules to comprise a portion of the reconstituted tubules (Fig. 10D) . Spheroid cells obtained from high-passage cultures also showed more than one type of differentiated tubules with positive staining of the THG and DBA markers and to a much lesser extent LTA staining (Fig. 11A-C) . Thus, hKEpC spheroids enhance functional potency for tubule formation.
Discussion
Our work shows for the first time that human kidneyderived epithelial cells can be cultured to form long-term multicellular spheroids. These structures recapitulate a functional organoid that is likely to augment the capacity to form renal tubules in situ.
We reproducibly obtained spheroid structures by seeding normal adult human kidney-derived epithelia cells, in suspension, on poly-HEMA-coated plates. Importantly, the ability to efficiently generate spheroids was maintained after long-term monolayer culture. Three-dimensional culture systems that include scaffolds and collagen matrix have been used to culture murine adult kidney cells and create kidneylike tissue structures in vitro. 4, 22 In addition, 3D scaffolds have been used to culture embryonic stem cells [23] [24] [25] so as to maintain them in an undifferentiated state compared with monolayer. 23 However, this technique has not been well studied in human adult cells, especially of renal origin. Here, the 3D culture of kidney-derived cells was accomplished without a supporting scaffold.
Live microscopy showed initial cell aggregation events to occur within 5 h of seeding cells in nonadherent conditions, and spontaneously formed aggregates generated freefloating 3D kidney spheroids. Additionally, genetic labeling of hKEpCs showed kidney spheroids to be not derived from a single-cell clone and pointed that cell aggregation of hKEpCs contributed to 3D spheroids. Thus, the hKEpC spheroids are characteristically different from the recently described nephrospheres generated from murine embryonic renal cells in which each sphere was shown to represent a repopulating clonal population derived from a single progenitor cell. 26 Compared with monolayer cells, kidney spheroid structures were composed of cells expressing higher levels of the renal stem cell regulatory genes (Pax2, Sall1, and Six2), which are crucial to kidney organogenesis. 27, 28 hKEpC spheroids also demonstrated higher expression of Nanog, which has a role in maintaining embryonic stem cell pluripotency 29, 30 and has been shown to stabilize a stem/progenitor phenotype in adult cells. 31, 32 In addition, kidney spheroid cells were found Although the CD133 marker was elevated in spheroids in comparison to monolayer cells, examination of monolayer hKEpCs also showed a rather wide distribution of CD24 and CD133 (along with EpCAM and CD44), suggesting that these antigens may actually indicate kidney epithelia rather than stem cells in cultured human renal cells. 35, 36 Analysis of ALDH1 demonstrated increased activity in spheroid hKEpCs. High ALDH1 activity, a detoxifying enzyme responsible for the oxidation of intracellular aldehydes, [37] [38] [39] [40] has been shown in murine and human hematopoietic and neural stem and progenitor cells [41] [42] [43] [44] and is widely used as a stem/progenitor marker. Altogether, it is tempting to speculate that, compared with traditional monolayer culture, the growth of kidney-derived cells as spheroids augments a ''stemness'' profile by recapitulation of a stem/progenitor cell niche-like microenvironment. Nevertheless, examination of global transcriptional changes evident with kidney spheroid formation shows that differences in cellular state brought about by cell-cell contact, cell matrix, and cell transporters, which have been shown to participate in maintaining a niche in sphere structures for various cell types, 14 may play crucial roles in promoting spheroids toward a functional renal organoid reminiscent of normal tubular epithelia irrespective of a progenitor cell status. Indeed, the functional outcome is strikingly evident in CAM grafting experiments in which the capacity to epithelialize and form renal tubules of both proximal and distal/collecting origin was greatly enhanced when directly utilizing whole spheroids harvested from poly-HEMA-coated dishes and notably after disassociating kidney spheroid cells into a single-cell suspension. In this regard, embryonic nephrospheres could not undergo epithelialization in vitro, 26 and therefore, the lack of clonality in adult kidney spheroids does not mitigate functional potency. Importantly, prospective isolation via cell selection strategies 45 of defined cell types within specific nephron compartments that are responsible for spheroid generation may influence both yield and efficiency of spheroid formation as well as the nature of the tubule generated after grafting. Indeed, a culture system of intestinal epithelium that bears some similarities to ours as been recently generated via defined cell subpopulations. 46 We found that cells residing within kidney spheroids turned down the cell cycle machinery and became quiescent, leading to diminished proliferation in kidney spheroids, in contrast to monolayer hKEpCs, which showed high replication rates and could be readily expanded. Similarly, decreased proliferation has been observed in 3D neurospheres and cardiospheres compared with their monolayer counterparts.
14, 47 The observed high proliferation rate of monolayer hKEpCs was at the expense of their epithelialization capacity in the CAM, so that long-term expanded monolayer hKEpCs had completely lost their capacity to generate tubules after grafting. Nevertheless, slow proliferation rates in hKEpC spheroids may pose a problem by not meeting the requirement of large numbers of renal cells for implantation. In this regard, our observation that kidney spheroid cells, generated after P5-P6 monolayer expansion, had reacquired increased competence to reconstitute tubular structures in the CAM is of importance. The degree to which the tubulogenic phenotype can be regained with increasing expansion of monolayer hKEpCs remains to be determined.
In summary, the present study shows that methodological changes in culture conditions can dramatically influence the generation and preservation of a functional renal phenotype. Multicellular hKEpC spheroids by mimicking renal epithelial cell niche properties increase the potency of an injectable cell suspension of spheroid cells. This in turn may provide a functional benefit of renal-derived cells in renal repair.
